Compared to the other classes of glycosaminoglycans (GAGs), that is, chondroitin/dermatan sulfate, heparin/heparan sulfate and hyaluronan, keratan sulfate (KS), have the least known of its interactive properties. In the human body, the cornea and the brain are the two most abundant tissue sources of KS. Embryonic KS is synthesized as a linear poly-N-acetyllactosamine chain of D-galactose-GlcNAc repeat disaccharides which
become progressively sulfated with development, sulfation of GlcNAc is more predominant than galactose. KS contains multisulfated high-charge density, monosulfated and non-sulfated poly-N-acetyllactosamine regions and thus is a heterogeneous molecule in terms of chain length and charge distribution. A recent proteomics study on corneal KS demonstrated its interactivity with members of the Slit-Robbo and Ephrin-Ephrin receptor families and proteins which regulate Rho GTPase signaling and actin polymerization/depolymerization in neural development and differentiation. KS decorates a number of peripheral nervous system/CNS proteoglycan (PG) core proteins. The astrocyte KS-PG abakan defines functional margins of the brain and is up-regulated following trauma. The chondroitin sulfate/KS PG aggrecan forms perineuronal nets which are dynamic neuroprotective structures with anti-oxidant properties and roles in neural differentiation, development and synaptic plasticity. Brain phosphacan a chondroitin sulfate, KS, HNK-1 PG have roles in neural development and repair. The intracellular microtubule and synaptic vesicle KS-PGs MAP1B and SV2 have roles in metabolite transport, storage, and export of neurotransmitters and cytoskeletal assembly. MAP1B has binding sites for tubulin and actin through which it promotes cytoskeletal development in growth cones and is highly expressed during neurite extension. The interactive capability of KS with neuroregulatory ligands indicate varied roles for KSPGs in development and regenerative neural processes. Keywords: extracellular matrix and neuronal guidance, keratan sulfate neural proteoglycans, neural repair, neuronal plasticity. J. Neurochem. (2019) 149, 170--194. Keratan sulfate (KS) is a widely distributed glycosaminoglycan (GAG) which decorates proteoglycan (PG) core proteins in tensional and weight-bearing connective tissues such as the cornea, cartilage, and intervertebral disc and neural tissues of the central and peripheral nervous systems (CNS and PNS). KS was originally identified in cornea as a linear poly-N-acetylactosamine of variable sulfation (Meyer et al. 1953) . Poly-N-Acetyllactosamine chains are assembled in the embryo from GlcNAc and Galactose (Gal) into nonsulfated linear chains which are subsequently sulfated at C6 of Gal and GlcNAc by a family of glycosyltransferases leading to regions of high sulfation, mono-sulfation, and no sulfation on KS . The attachment of KS to PGs may occur through N-linked Asparagine (Asn) or O-linked Serine (Ser), Threonine (Thr) or Mannose (Man) residues . Small N-linked KS-I chains arise from sulfation of N-linked oligosaccharides which decorate members of the small leucine-rich repeat proteoglycan (SLRP) family including fibromodulin, lumican, keratocan, osteoadherin, chondroadherin, epiphycan, osteoadherin, and proline-arginine rich end leucine-rich repeat protein, prolargin (PRELP) (Stanton et al. 2011) . Small N-linked KS chains also occur on the N-terminal G1, interglobular and G2 domains of aggrecan and the G1 domain of versican, thus technically versican could be classified as a KSPG (Hayes et al. 2018) . Small 7-14 kDa O-linked KS-II chains occur in a KS-rich region in aggrecan and occasionally within its chondroitin sulfate (CS)-1 and CS-2 regions. These latter KS chains are fucosylated and substituted with sialic acid in aggrecan isolated from weightbearing cartilages although the function of these modifications is unknown. Surprisingly, the KS chains of aggrecan isolated from tracheal, nasal, and laryngeal cartilages do not contain modifications with L-Fucose or sialic acid. A third form of KS has been identified in brain PGs, these chains are O-linked to the core protein through Man residues (Krusius et al. 1986 ). The KS chains of synaptic vesicle proteoglycan-2 (SV2) PG are heavily modified by L-Fucose and sialic acid which may modify their interactive properties. Heavily fucosylated and sialic acid-modified KS chains have been observed in the brain tissue of amyotrophic lateral sclerosis (ALS) patients (Hirano et al. 2013; Foyez et al. 2015; Katz et al. 2015) . KS occurs in extracellular, cell surface, and intracellular locations as microfilamentous, cytoplasmic, and perinuclear deposits in human keratinocytes (Sorrell et al. 1990) . Keratin species (58, 54, 50, 48 kDa) reactive with the anti-KS monoclonal antibody (MAb) 5D4 (Sorrell et al. 1990; Schafer and Sorrell 1993) are assembled into intermediate filaments, some of these are exported into the ECM and some are retained to form part of the cytoskeleton; fine keratin microfilaments have also been observed at the cell surface (Sorrell et al. 1990; Schafer and Sorrell 1993) . KS substitution on serotransferrin and thyroglobulin has been used diagnostically to detect papillary thyroid carcinoma tumor cells (Magro et al. 2003) . KS also occurs in bone sialoprotein-II in medullary bone (Hadley et al. 2016) and in an egg-shell PG, mammalin (Du et al. 2015) . The lactosamine chains of some mucin-like glycoproteins can be sulfated leading to small low sulfation KS chains.
KS antibodies
Antibodies to sulfated regions of KS, L-Fucose and sialic acid capping structures, and poly-N-acetyllactosamine have been described (Feizi et al. 1979; Young et al. 2007) . MAb 5-D-4 was the first KS antibody developed to high-charge density KS epitopes similar to those detected by MAb MZ-15 ). Antibodies to regions of intermediate to low-charge density such as MAb, 1-B-4 identify KS tetrasaccharides Tang et al. 1986) while MAbs R-10G and BCD-4 recognize low-sulfation KS motifs (Kawabe et al. 2013; Nakao et al. 2017) . MAb BKS-1(+) was raised to a keratanase-generated [N-acetylglucosamine-6-sulfate (GlcNAc-6-S)] stub neoepitope at the non-reducing terminus of corneal and skeletal KS (Akhtar et al. 2008) . Two pattern recognition lectin receptors, sialic acid binding Ig-like lectins (Gonzalez-Gil et al. 2018) , and dendritic cell Langerin identify sialylated KS and the galactose-6 sulfate epitope on KS.
KSPGs of the CNS/PNS
Aggrecan and its multifaceted roles in the CNS/PNS Cartilage and brain aggrecan share similar overall structures, both are capable of forming macromolecular ternary complexes with HA which are important for the weight-bearing properties of cartilage and for neural protection through perineuronal net structures (PNNs), respectively. Cartilage aggrecan forms complexes with HA which are stabilized by cartilage link protein. Interactions between brain aggrecan and HA in PNNs are stabilized by Bral-1, a brain specific link protein variant sharing 45% sequence homology with cartilage link protein and tenascin-R. Several modifications in brain aggrecan have been observed which are not present in cartilage aggrecan and these convey specific functional properties to brain aggrecan.
Sushi/SPRX-1, 2 in brain aggrecan and versican Sushi repeat protein, X linked 2, OMIM 300642 (SRPX2) are embedded domains in the brain lectican aggrecan and versican (Hayes et al. 2018) . The SRPX2 gene is a target of the foxhead box protein P2 transcription factor (FoxP2) (Sia et al. 2013) . Mutations in SRPX2 are associated with Rolandic epilepsy and speech impairment. SRPX2 is a ligand for urokinase type plasminogen activator (uPA) receptor (uPAR) (Royer-Zemmour et al. 2008) . uPAR knockout mice are susceptible to epilepsy and altered neuronal migration during brain development (Bruneau and Szepetowski 2011) . SRPX2 regulates neuronal migration and establishment of areas of speech processing and cognitive learning adjacent to the Rolandic and Sylvian fissures which bisect the cerebral hemispheres. Two mutations in SRPX2 have been observed in Rolandic epilepsy and speech impairment syndrome patients (Roll et al. 2006) . uPAR is a crucial component of the extracellular plasminogen-plasmin system, which remodels the ECM during brain development. Cathepsin B and a disintegrin and metalloproteinase with thrombospondin motifs 4 are SRPX2 ligands (Archinti et al. 2011) . A disintegrin and metalloproteinase with thrombospondin motifs-4 localizes to regions of the spinal cord undergoing repair, thereby degrading aggrecan and versican and removing the inhibitory cues provided by their CS side chains (Tauchi et al. 2012; Lemarchant et al. 2014) . The SRPX2 gene encodes a highly expressed secreted neuronal protein which promotes synaptogenesis during neural development and is an epilepsy and language disorder associated gene (Roll et al. 2006; Sia et al. 2013) .
HNK-1 conveys important interactive properties to brain aggrecan The HNK-1, 3-sulfated GlcA, is a cell adhesion marker with roles in cell-cell and cell-ECM interactions and neurite growth. Levels of HNK-1 bearing glycoproteins are significantly reduced in Alzheimer's disease (AD) (Garcia-Ayllon et al. 2017) . HNK-1 is the first example of a 3-sulfated GlcA on an N-linked trisaccharide and is a molecular recognition molecule mediating neural development. HNK-1 is expressed on a number of brain keratan sulphate proteoglycans (KSPGs) including, podocalyxcin, phosphacan and aggrecan. The HNK-1 trisaccharide is highly expressed in the nervous system and its spatiotemporal expression is strictly regulated. Aggrecan in PNNs is an HNK-1 carrier PG (Yabuno et al. 2015) . GlcAT-P is a key HNK-1 biosynthetic enzyme, GlcAT-P knockout mice display a significant reduction in long-term potentiation, aberrant spatial learning, memory formation, and reduced neuronal plasticity (Morise et al. 2018) . HNK-1 interferes with neuron-astrocyte adhesion but not neuron-neuron or astrocyte-astrocyte interactions. HNK-1 is also widely expressed on a number of myelin-associated glycoproteins such as L1, myelin-associated glycoprotein (MAG), TAG-1 and P0 as well as sulfo glucuronyl glycopipids (SGGLs, SGGL-1, SGGL-2) which have important roles to play in the re-myelination of damaged axons (Hall et al. 1993 (Hall et al. , 1997 . HNK-1 substituted aggrecan has roles in rudiment chondrogenic skeletal development (Domowicz et al. 2003) and regulates neural crest cell migration during formation of the notochord (Domowicz et al. 1995) . The HNK-1 epitope is essential for the acquisition of normal neuronal functional properties (Morise et al. 2018) . Aggrecan in the permanent cartilages no longer display this HNK-1 motif; however, brain aggrecan displays the HNK-1 motif from infancy to adulthood and is a component of PNNs (Yabuno et al. 2015) . HNK-1 expression is temporally and spatially regulated during development of the nervous system and has essential roles to play in synaptic plasticity, memory formation, and in normal dendritic spinal maturation (Morita et al. 2009a,b) . Tenascin-R stabilizes PNNs formed from aggrecan, hyaluronan, and Bral-1 (Kwok et al. 2011) . These protect the neurons from mechanical and oxidative damage which can lead to neurofibrillary degeneration in conditions such as AD (Cabungcal et al. 2013; Suttkus et al. 2014) . PNNs have beneficial properties in neural differentiation (Eskici et al. 2018) . It is paradoxical that focal deposition of aggrecan in the PNS/CNS with its neuroprotective and interactive capability with glycoproteins which re-myelinate damaged axons that it should also be a source of inhibitory regulatory cues through its GAG side chains (Kwok et al. 2011) .
Selective removal of aggrecan's GAG chains using chondroitinase/keratanase digestion improves spinal cord repair (Bradbury et al. 2002; Ishikawa et al. 2015; Graham and Muir 2016) . PNNs have impressive water regain properties which provide cushioning properties to the neuronal cells they surround. Since this is a function of aggrecan's CS and KS side chains which collectively constitute~90% of its mass, other members of the brain lectican PG family are far less protective. HA also has free radical scavenging antioxidant properties which protect neuronal cell populations and maintain neural plasticity (Mendoza et al. 2009; Morawski et al. 2012; Oohashi et al. 2015; Miyata and Kitagawa 2017) . In AD, neurons surrounded by PNNs containing aggrecan are afforded superior neuronal protection than PNNs containing brevican (Suttkus et al. 2014) .
HA-aggrecan interactions in the CNS protect neurons and mitochondria from mechanical and oxidative damage and regulate neuronal differentiation and synaptic plasticity HA is a key PNN component of the PNS/CNS and is not merely a spacefilling ECM entity but has dynamic cell regulatory properties (Perkins et al. 2017) . This is hardly surprising given the universal cell directive properties of HA in many tissues in the human body (Slevin et al. 2007; Dicker et al. 2014; Maytin 2016; Avenoso et al. 2018) . HA occurs as intracellular as well as extracellular forms (Hascall et al. 2004) . Intracellular HA has important anti-oxidant properties which maintains the redox status of mitochondria, an organelle of particular importance in the neuron given its energetic demands (Beckervordersandforth 2017; Arrazola et al. 2018) . Following brain trauma, mitochondria translocate into injured axons and actively participate in axonal regenerative processes (Han et al. 2016) . Neuronal regeneration is an energy-demanding process and axonal mitochondria are specifically required for growth cone migration, identifying a key energetic challenge in injured neurons (Han et al. 2016) . Dynamic regulation of neuronal mitochondrial energetics is a particularly important aspect of normal neuronal function (Arrazola et al. 2018; Kiryu-Seo and Kiyama 2018; Lee et al. 2018a,b; Panchal and Tiwari 2018) . Aberrant mitochondrial regulation occurs in Parkinson's disease (Franco-Iborra et al. 2018; Grunewald et al. 2018; Park et al. 2018; Rango and Bresolin 2018) , ALS (Nakaya and Maragkakis 2018) during amyloid deposition in brain tissue (Norambuena et al. 2018) , AD (Alexiou et al. 2018) , stroke (Liu et al. 2018; Yang et al. 2018) , epilepsy (Feng et al. 2018) , and MS (Kalman et al. 2007; Beckervordersandforth 2017; Kozin et al. 2018) . The immobilization of HA in PNNs increases its half-life and its processing to smaller molecular weight forms which can be endocytosed. HA has remarkable hydration properties ensuring neuronal survival and brain fluidity, a lack of HA in mutant mice produces an epileptic phenotype (Perkins et al. 2017) . Head trauma, ischemic stroke, and other brain insults result in an early decrease in high-molecular weight HA and is a predisposing factor in epilepsy, convulsions, and functional cognitive decline (Arranz et al. 2014; Sherman et al. 2015; Sethi and Zaia 2017) .
The importance of aggrecan-HA interactions in the regulation of CNS development and functional properties in health and disease Neural and glial cells synthesize HA in culture and as an ECM CNS component (Lin et al. 2007; Meszar et al. 2008; Hagenfeld et al. 2010; Fowke et al. 2017) . The depolarization of the neural plasma membrane by HA represents a novel signal transduction pathway (Hagenfeld et al. 2010 ) complementing CD44-mediated signal transduction. No other GAG displays this membrane depolarization property. HA is organized into fiber-like structures along neural migratory pathways in the developing mouse cerebellum (Baier et al. 2007) . Aggrecan in the CNS ECM has the potential to influence neural cell migration in adult tissues recapitulating the neural crest cell migratory regulatory properties it displays in the embryo (Morawski et al. 2012) . This involves aggrecan HNK-1 mediated cellular interactions and N-terminal mediated interactions of the aggrecan G1 HA binding domain with HA in the ECM. Versican and aggrecan differentially regulate neural cell migration, with the former providing positive migratory cues while aggrecan inhibits this process Perris and Perissinotto 2000) . Neural cells also express CD44 and RHAMM which are active participants in neural cell migration, differentiation, and synaptic plasticity (Lynn et al. 2001; Oohashi et al. 2015; Roszkowska et al. 2016; Miyata and Kitagawa 2017; Su et al. 2017) . Aberrant HA synthesis or HA receptormediated cell signaling has been observed in AD (Pinner et al. 2017 ), brain seizures (Arranz et al. 2014 ) and ischemic stroke (Al'Qteishat et al. 2006) .
Aggrecan, PNNs, and the impact of traumatic brain and spinal cord injury PNNs are dynamic structures which decrease after seizures, and increase during elevated neuronal activity in the adult hippocampus (McRae et al. 2010) . Aggrecan and the expression of chondroitin-6-sulfate in glial cells regulate astrocyte maturation (Gu et al. 2009; Faissner et al. 2010) , and PNN formation and maintenance. Human post-mortem, animal and genetic studies demonstrate important alterations in PNNs associated with pathophysiological changes in brain tissues (Pantazopoulos et al. 2010 (Pantazopoulos et al. , 2015 So et al. 2010; Berretta 2012; Muhleisen et al. 2012; Mauney et al. 2013) . Changes in CS-6 sulfation in PNNs within the amygdala affect distinct neuronal and glial cell populations in schizophrenia and bipolar disorder and surrounding glia within the amygdala. A key feature of schizophrenia is the presence of malfunctional cortical inhibitory GABAergic neurons which express parvalbumin to control synchronous events in neurosensory and cognitive processes (Lewis 2000; Pantazopoulos et al. 2006) . Parvalbumin is a neuronal high affinity calcium-binding albumin. Parvalbumin, GABA, and glutamate are localized in neurons of the hypothalamus within synaptic vesicles complexed to KSPG SV2 in a dynamic smart gel storage medium. Parvalbumin controls local excitatory neuronal activity by buffering intracellular calcium levels, controlling chaotic spiking electrical signals which characterize many neurophysiological disorders (Kisner et al. 2018) . Besides schizophrenia, parvalbumin is clinically relevant in AD (Verret et al. 2012) , in disorders of age-related cognitive decline, and in Parkinson's disease. The expression of parvalbumin is significantly decreased in GABAergic neurons in schizophrenia (Nakazawa et al. 2012) . It is important that intracellular neuronal Ca levels be held in check. Free Ca promotes the disassembly of the ends of microtubule assemblies. The KSPG, microtubuleassociated protein 1B (MAP1B), and parvalbumin are microfibril associated, Ca 2+ binding proteins which stabilize the actin and tubulin cytoskeleton, Ca 2+ is a natural counterion to the KS chains of MAP1B which acts as a Ca 2+ reservoir (Li et al. 2006; Cueille et al. 2007; Barnat et al. 2016; Bodaleo et al. 2016; Takahara et al. 2018) . The assembly of actin and tubulin microtubules facilitates formation of lamellopodia and fillopodia essential for neuritogenesis and promoted by an up-regulation in MAP1B expression in neuritogenesis (Li et al. 2006) . These processes occur hand in hand with electrophysiological events regulated by parvalbumin in excitatory neurons (Cabungcal et al. 2013; Kisner et al. 2018) . Calmodulin, a Ca binding protein related to parvalbumin also promotes tubulin assembly by sequestration of intracellular Ca 2+ (Wei et al. 2004 ). Furthermore, Ca 2+ -calmodulin signaling up-regulates GABA synaptic transmission through a cytoskeletally mediated recruitment of receptors to the post-synaptic membrane (Wei et al. 2004) .
PNNs and the regulation of neuronal behavior and the critical importance of PG GAGs The importance of PNNs is exemplified in models of oxidative stress displaying focal damage and localized destruction of PNNs (Cabungcal et al. 2013; Karamichos et al. 2014) resulting in functional impairment in neuronal migration and aberrant neural-synaptic-glial interconnectivity resembling changes seen in brain tissues in Schizophrenia (Cabungcal et al. 2013; Shah and Lodge 2013) . Of the neurons surrounded by PNNs, GABAergic interneurons are one of the largest and most extensively investigated (Lewis 2000; Pantazopoulos et al. 2006) . Their functional plasticity is regulated by PNNs, alterations in the distribution of CSPGs within PNNs may contribute to altered neuronal behavior in schizophrenia (Kisner et al. 2018) . PNNs detected using MAb 3B3(À) to chondroitin-6 sulfate and MAb CS-56 to native CS demonstrate significant decreases of aggrecan in PNNs in the amygdala in schizophrenia but not in bipolar disorder (Shah and Lodge 2013; Pantazopoulos et al. 2015) contributing to disrupted synaptic interconnections in glial cell populations (Miyata et al. 2018) . Aggrecan and CS-6 expression by glial cells regulate astrocyte maturation, this cell type has major roles to play in the formation and maintenance of PNNs. GAGs have sophisticated molecular recognition and information storage and transfer properties which regulate cellular behavior (Gabius 2000 (Gabius , 2015 Melrose 2017) . Alterations in the GAG substructures of the CSPGs in PNNs alter the guidance of neuronal cell populations in schizophrenia and bipolar disorder (Berretta 2012; Muhleisen et al. 2012; Nakazawa et al. 2012; Avram et al. 2014; Pantazopoulos et al. 2015) . Neurons are electrically excitable cell types, sulfated GAGs convey instructive signals to these cells (Korotkov et al. 2004; Mantione et al. 2016) .
Sulfation of KS glycoforms on PGs and its impact on neuroregulation
A simple KS or CS octasaccharide can have many different sulfation sequences including multisulfation, monosulfation, or no sulfation. At physiological pH, sulfate groups are deprotonated, giving GAG species very high-negative charge densities, these are a driving force in neuroregulation and particularly important with PGs such as aggrecan which have a high GAG content. The most highly charged KS glycoforms have charge densities rivaling HS, the most highly charged GAG. Specific sugar modifications may act instructively in axonal guidance decisions, the intricacies of neuronal wiring may partly reflect the complexity of such PG modifications (Holt and Dickson 2005; Masu 2016 ). In the intact spinal cord, a subpopulation of microglia expresses 5D4-KSPG throughout the white and gray matter; however, within 24 h of spinal cord injury, KSPG production is upregulated by reactive microglia, macrophages, and oligodendrocyte progenitors but not astrocytes (Jones and Tuszynski 2002) . These KSPGs have growth inhibitory properties and are predominantly localized on the margins of axonal lesions thus while they stabilize the glial scar they also define its boundaries but inhibit axonal regrowth. During re-myelination of damaged axons, oligodendrocytes secrete large KSPGs with core proteins of 290 and 310 kDa, similar large-sized KSPGs have also been identified in the cerebrum, cerebellum, and brain stem (Papageorgakopoulou et al. 2002) . Abakan, a KS, CS and HNK-1 PG of glial cells, and astrocytes likely represent at least one of these unidentified PGs (Seo and Geisert 1995; Geisert et al. 1996) .
In an experimental autoimmune animal model of GuillainBarre 0 syndrome, production of KS by microglia in the spinal cord is significantly reduced accompanied by inflammatory demyelination of the peripheral nervous system (Matsui et al. 2013 ), GlcNAc6ST-1-deficient mice also show reduced KS levels in the CNS, whereas KS expression by microglia/ macrophages is enhanced following spinal cord injury (Jones and Tuszynski 2002) . KS expression is also induced in a cortical stab wound murine model of ALS (Zhang et al. 2006; Hirano et al. 2013; Kobayashi et al. 2013) and in human ALS patients (Foyez et al. 2015) . GlcNAc6ST-1-/-mice or tissues which have been treated with keratanase II or endo-b-D-galactosidase to reduce KS levels display improved recovery from spinal cord injury (Ito et al. 2010) showing that KS restricts spinal cord repair (Foyez et al. 2015) . GlcNAc6ST-1 is required for KS biosynthesis in the CNS (Zhang et al. 2006 ) thus its ablation reduces tissue KS production by microglial cells and contributes to improved spinal cord repair.
The SLRP family Several members of the SLRPs maintain collagen fibril spacing and optical clarity in the cornea and organize retinal tissues ensuring efficient phototransduction. Lumican, keratocan, and mimecan regulate collagen fiber spacing, whereas fibromodulin regulates large collagen fiber assembly in the limbus and sclera to mechanically stabilize the eye ball (Dunlevy et al. 2000) . KS chains are attached to SLRPs through N-linked Asn residues, their leucine-rich repeat (LRR) modules are highly interactive with a broad range of proteins including fibrillar and lattice-forming collagens. KSSLRPs also regulate multiple neural signaling pathways (Dellett et al. 2012) , act as matricellular proteins and regulate neural development through signaling molecules such as Nodal, FGFs, Wnts, and Shh (Dellett et al. 2012) . Fibromodulin has been detected in the hippocampus of a mouse model of AD. Roles for the SLRPs and KS are emerging in neuroregulatory processes associated with ocular development (Conrad and Conrad 2003; Gealy et al. 2007; Weyers et al. 2013) . Keratocan mRNA expression is developmentally regulated along anterior-posterior and dorsal ventral axes during early (E2-E3) chick embryo morphogenesis (Conrad and Conrad 2003) . Kera mRNA expression occurs in the lateral regions of the mesenchyme adjacent to the neural tube, along with differentiation and extension of the nerves of the CNS ventrally. The accumulation of highly sulfated KS in the posterior stromal tissue in the developing cornea is highly inhibitory to nerve penetration; however, the anterior corneal epithelial tissue is devoid of such highly sulfated KS and nerve penetration occurs in this region (Fig. 1a) . Trigeminal nerve growth cones in the embryonic chick reach the corneal margins by embryonic day 5 (E5), but are initially repelled and they encircle the developing corneal margins over E5-E8 to finally enter the cornea on E9 (Fig. 1a) . Robo-Slit cell signaling guides trigeminal nerves during this period of corneal innervation (Schwend et al. 2012b) . The expression of Slit 1, 2, and 3 in the cornea and lens persist over E5-E9. Robo 1 is also highly expressed during nerve ring formation (E5-8) but declines at the stage of growth cone penetration into the cornea. The interactive properties of corneal KS with these nerve regulatory proteins further reinforces its neurogenic and neurodirective properties (Conrad et al. 2010) (Fig. 1b) . The neuronal circuitry of the brain undergoes defined phases of enhanced plasticity during development critical to the structure of brain tissue in adults, these are termed episodes of "critical period plasticity" (Levelt and Hubener 2012) . KS has essential roles to play in these periods of plasticity in the mouse visual cortex and GlcNAc-6-O-sulfotransferase-1 (GlcNAc6ST-1) has major roles to play in the biosynthesis of KS (Takeda-Uchimura et al. 2015). GlcNAc6ST-1 knockout (KO) mice display a 50% reduction in KS expression compared to WT mice and detrimental effects on deprived eye responses and diminished cognitive learning which normally equips neurons of the visual cortex with essential visual perceptive skills (Takeda-Uchimura et al.
2015).
PRELP and its important stabilizing anchorage roles with ECM components in the basement membrane of the PNS/ CNS PRELP is a basement membrane anchorage protein (Bengtsson et al. 2002; Whitelock et al. 2008 ) containing several small low-sulfation KS chains (Bengtsson et al. 1995; Johnson et al. 2006) . PRELP is a component of the cornea and sclera, present as 60-116 and 55-60 kDa proteins. Digestion with endo-b-D-galactosidase converted corneal PRELP to 45-50 kDa in size and the scleral PRELP to a molecular weight of 50 kDa (Johnson et al. 2006) . Digestion with N-glycanase further reduced these to 42-45 and 45KDa core proteins demonstrating the presence of N-linked KS chains of low sulfation. The brain has high-metabolic demands and its blood supply has fundamental roles to play (Thomsen et al. 2017) . Blood vessel basement membrane is crucial to vessel stability and functional integrity. The defects in brain basement membranes increase susceptibility to stroke and impaired nutrition impacting on neuroregulatory processes. PRELP attaches perlecan with laminin, type IV collagen in the basement membrane (Bengtsson et al. 2002; Kruegel and Miosge 2010; Hohenester and Yurchenco 2013) forming a three-dimensional supportive structure facilitating interactions between brain capillary endothelial cells, pericytes, and astrocytes. Changes in the basement membrane occur in acute and chronic neuropathological disorders such as stroke and AD. The brain basement membrane binds FGF-2, transforming growth factor-b (TGF-b1), GDNF, vascular endothelial cell growth factor, EGF, platelet-derived growth factor, and neuroregulin-I and acts as a reservoir for these factors which direct matrix assembly and neuroregulatory processes (Yurchenco 2011) . In ischemic and hemorrhagic stroke, the basement membrane becomes thinner due to proteolytic degradation whereas in AD, amyloid deposition leads to a thickening of this structure (Fukuda et al. 2004; Lepelletier et al. 2017a ).
Synaptic vesicle PG-2 SV2 occurs as three isoforms, SV2A, SV2B, and SV2C which display variable cellular distributions. These bind the neurotransmitters glutamate, GABA, dopamine, choline, and ATP and also interact with Ach and synaptotagmin (Bartholome et al. 2017; Dunn et al. 2017) . SV2 forms a smart gel storage matrix within synaptic vesicles (Reigada et al. 2003) . The interaction of SV2 with synaptotagmin, a Ca 2+ sensor, mediates Ca-dependent neurotransmitter release from synaptic vesicles (Nowack et al. 2010; Wan et al. 2010) . Abnormal regulation of neurotransmitter release occurs in epilepsy, Schizophrenia, Alzheimer's, and Parkinson's disease. SV2C acts as a key mediator of dopaminemediated neuronal activity (Dunn et al. 2017) . The 5-D-4 positive KS chains of SV2 are resistant to digestion with Nglycanase, keratanase-I/II, or endo-b-galactosidase (Scranton et al. 1993) indicating that these are modified with fucose and sialic acid. This has been shown to render skeletal KS-II resistant to glycosidase digestion but not corneal KS-I (Melrose and Ghosh 1988) . KS chains released from the SV2 core proteins by alkaline borohydride reduction had molecular weights of 27, 80, and ≥ 140 kDa (Scranton et al. 1993) . Sialic acid and fucose modifications of the KS chains of SV2 may aid in the binding of neurotransmitters through hydrophobic, hydrogen bonding, hydrophilic, and Van der Waals interactions. Computational methods have been developed to examine such interactions (Damgen and Biggin 2018) . The Notch-1 receptor is an example of a heavily fucosylated protein where the L-fucose conveys unique molecular recognition and interactive properties which regulate cell-fate (Hayes et al. 2018) . SV2-KS interactions with Ca 2+ regulates synaptic functions, but malfunctions in epilepsy (Wan et al. 2010) . SV2 is phosphorylated on serine and threonine residues and is a substrate for serine/threonine kinases (Pyle et al. 2000) , phosphorylation of SV2 effects cytoskeletal organization, cell signaling and neurotransmitter interactions. The KS chains of SV2 interact with neurotransmitters and the fucosylated proteins synapsin and synaptophysin which tethers the synaptic vesicles in the cytoplasm aiding in the co-ordinated release of neurotransmitters into the synaptic gap upon neural activation (Carlson 1996; Reigada et al. 2003) . KS chains in PGs normally range in size from 3 to 20 kDa. SLRP family members (PRELP, osteoadherin, chondroadherin, epiphycan, and osteoglycin) have small low sulfation KS chains (3-4 disaccharides, 3-5 kDa) (Stanton et al. 2011) . KS from the KS-rich region of aggrecan is 10-20 kDa in size while KS chains in the G1, G2, and IGD are small (3-4 disaccharides, 3-5 kDa) (Fosang et al. 2009 ). The KS chains of normal corneal KSPGs arẽ 15 kDa in size. Mucin glycoproteins and PRELP have lactosamine residues which can be sulfated on C6 of GlcNAc or Gal leading to the formation of KS of 3-4 disaccharides in size, low sulfation impedes KS chain elongation (Stanton et al. 2011) . The KS chains of SV2 are significantly larger than the aforementioned KS chains ranging in size from 27 to 140 kDa, this may contribute to the storage properties of SV2 for neurotransmitters (Scranton et al. 1993) .
Podocalyxcin
Podocalyxcin, a transmembrane polysialylated mucin-like KSPG, has roles in neuritogenesis (Vitureira et al. 2010) and is used as a marker of human embryonic and induced pluripotent stem cells where podocalyxcin contains KS chains of low sulfation (Kawabe et al. 2013; Toyoda et al. 2017) . Podocalyxcin is up-regulated in glioblastoma and astrocytoma, sulfation of its KS increases in tumors (Hayatsu et al. 2008a,b) making it useful as prognostic tumor markers, MAb 4-C-4 detects these high-charge density forms of KS (Nielsen and McNagny 2009; Wang et al. 2017) . Na + /H + -exchanger regulatory factor 2 (NHERF2) and Ezrin adaptor proteins, interact with the cytoplasmic tail of podocalyxcin exerting regulatory effects on cell signaling in CNS/PNS development and repair (Hsu et al. 2010; FloresTellez et al. 2015) . Podocalyxcin co-localizes with synapsin and synaptophysin in synaptic vesicles (Vitureira et al. 2010) . Neural podocalyxcin interacts with the ERM protein family members (ezrin, radixin, and moesin) to crosslink actin filaments with the plasma membrane and localizes CD44 at ECM interactive sites on the neuron plasma membrane surface. NHERF1/2 interacts with ezrin and podocalyxcin to regulate cell signaling predominantly in astrocytic cell populations.
Phosphacan/receptor protein tyrosine phosphatase-f and their interactions The receptor protein tyrosine phosphatases (RPTPs) are a family of transmembrane cell surface receptors which regulate focal cell-cell , cell-matrix communication and synaptic adhesion (Um and Ko 2013) regulating the growth and development of the nervous system (Um and Ko 2013) . The RPTPs contain a number of extracellular immunoglobulin (Ig) and fibronectin-III repeats resembling the neuron-glial-related cell-adhesion molecule family (Sakurai 2012) (Fig. 1c-g ). The RPTPs contain two intracellular protein tyrosine phosphatase domains, a catalytically active D1 domain, and accessory D2 domains which facilitate neural cell signaling. The RTPT-r occur as a number of isoforms. RPTP-r (leucocyte common antigen-related, LAR) contains eight Ig and three Fibronectin-III repeats while RPTP-c contains one Ig domain but an additional carbonic anhydrase like protein interactive domain (Um and Ko 2013) . RPTP-c also substituted with CS and KS GAG chains and HNK-1 carbohydrate motifs whereas RPTP-r is not substituted with GAG but acts as a PG receptor (Dours-Zimmermann et al. 2009; Coles et al. 2011; Xu et al. 2015) . The shed extracellular domain of RPTP-c is the soluble ectodomain PG phosphacan (Chow et al. 2008a,b) and is a major brain KSPG which promotes neuron-glial interactions, neuronal differentiation, re-myelination, and axonal repair (Maurel et al. 1994) . The contactins are related to the neuron-glial-related cell-adhesion molecule family but have a more restricted PNS/CNS distribution. Contactins have roles in neural development (Shimoda and Watanabe 2009 ) and facilitate neural cell adhesion and migration, neurite outgrowth, axon guidance, and myelination (Shimoda and Watanabe 2009; Colakoglu et al. 2014) . The contactins are attached to the plasma membrane by a GPI anchor but can recruit transmembrane proteins in order to transduce extracellular signals past the plasma membrane to illicit cellular responses. Contactin-1 is a functional Notch ligand through which it participates in neural and oligodendrocyte precursor cell differentiation (Hu et al. 2003; Lamprianou et al. 2011) .
Localization of low and high-sulfation phosphacan in the Zebra song finch brain are correlated with neural development and cognitive song-learning (Fujimoto et al. 2015) . GlcNAc-6-O-sulphotranferase (GlcNAc6ST), the enzyme responsible for the biosynthesis of highly sulfated KS is also specifically expressed in these song nuclei centers. Phosphacan containing highly sulfated KS chains also has roles to play in critical period plasticity in the mouse visual cortex .
Phosphacan is a developmental molecular switch which regulates neuronal development. KS chains inhibit neuronal attachment but promote outgrowth activity, an effect which is reversible by keratanase treatment. PTP-f/phosphacan binds to pleiotrophin with high affinity (Maeda et al. 1996; Maeda 2015) resulting in oligomerization of PTP-f, inactivation of its tyrosine phosphatase activity and associated effects on downstream cell signaling (Fukada et al. 2006) . Pleiotrophin is deposited along radial glial fibers, and PTP-f is expressed on the migrating pyramidal neurons, raising the possibility that pleiotrophin regulates the radial migration of excitatory neurons (Maeda and Noda 1998) . In vitro cell migration assays demonstrate that pleiotrophin-PTP-f signaling induces migration of cortical neurons (Maeda and Noda 1998) . The hippocampus of AD patients display significantly reduced KS contents and reduced 5D4 immunoreactivity (Lindahl et al. 1996) .
Native phosphacan in human control brain tissue has a high-molecular-mass (> 460 kDa), chondroitinase digestion reduces this to 125-190 kDa KS species (Zhang et al. 2017) . Phosphacan is present in early postnatal brains in mice, the 5D4 epitope on KS requires the action of the sulfotransferase GlcNAc6ST1 (Hoshino et al. 2014) , and this mitigates AD pathology (Zhang et al. 2017) . GlcNAc6ST1 is up-regulated in the brains of J20 and Tg2576 Tg mice and AD patients correlating with increased levels of 125-190 kDa KSPGs, control tissues however contain > 460-kDa KSPGs (Zhang et al. 2017) . A better understanding of the cell types that produce these KS species may explain the molecular mechanisms that underlie microglial activation and neurodegenerative processes in AD. The inhibition of 5D4-KS synthesis in microglia by specifically targeting GlcNAc6ST1 may ameliorate this degenerative pathology in AD and represent a therapeutic target.
Depending on cellular context, phosphacan can promote neurite outgrowth in mesencephalic neurons, cortical neurons, and hippocampal neurons from rat embryos (Faissner et al. 1994; Garwood et al. 1999) . However phosphacan can also inhibit neurite outgrowth in retinal ganglion cells. This effect was not removed by digestion of phosphacans CS chains with chondroitinase ABC. Some of these cell regulatory effects may also be mediated by phosphacans O-mannose-linked HNK-1 or KS chains (Morise et al. 2014) . Phosphacan has interactive properties with N-CAM, axonin-1 TAG-1, and tenascin, and can regulate their growth promoting effects on axonal growth (Liu et al. 2006) . Phosphacan also has proposed roles in the organization of the neural stem cell niche (Theocharidis et al. 2014) .
Abakan
Abakan is a large astrocyte CS-KS-HNK-1 PG (Geisert et al. 1992) up-regulated following traumatic brain injury (Seo and Geisert 1995) . Abakan blocks neural attachment and neurite outgrowth in culture and marks the boundaries of functional regions of the brain (Geisert and Bidanset 1993) . In the intact spinal cord, a subpopulation of microglia express 5D4-KSPG throughout the white and gray matter. Within 24 h of spinal cord injury, KSPG production is up-regulated by reactive microglia, macrophages, and oligodendrocyte progenitors but not astrocytes (Jones and Tuszynski 2002) . The up-regulated KSPGs have growth inhibitory properties localized on the margins of axonal lesions thus define the boundaries of axonal regrowth . During re-myelination of damaged axons, oligodendrocytes secrete large KSPGs with core proteins of 290 and 310 kDa which are significantly larger than the lectican CSPGs also secreted by the oligodendrocytes (Szuchet et al. 2000) . Large 300-400 kDa sized KSPGs have been identified in the cerebrum, cerebellum, and brain stem (Papageorgakopoulou et al. 2002) . These PGs await full characterization. Abakan, likely represents at least one of these PGs (Seo and Geisert 1995; Geisert et al. 1996) . KSPGs focally up-regulated in spinal cord injuries are layed down by reactive microglia, macrophages, and oligodendrocyte precursor cells but not by astrocytes (Jones and Tuszynski 2002) . Full length phosphacan migrates as a high-molecular weight~400-460 kDa smear whose precise size cannot be accurately determined by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (Faissner et al. 1994) . The molecular weight of phosphacan core protein after removal of CS with chondroitinase ABC is~255 kDa (Faissner et al. 1994) .
Some forms of phosphacan also contain KS and HNK-1 side chains (Butler et al. 2004; Morise et al. 2014; TakedaUchimura et al. 2015) , HNK-1 is a trisaccharide thus it does not make a major contribution to the overall size of native phosphacan; however, the size of the KS chains of phosphacan have yet to be determined.
MAP1B
MAP1B (microfibril associated protein 1B) is a microtubuleassociated multifunctional KSPG with roles in neuroregulation and axonal development, it has two N and C terminal binding sites for actin and two for tubulin and a central tubulin assembly assistance domain containing four phosphorylation sites. Phosphorylation of MAP1B facilitates cytoskeletal changes during neurite extension and may promote neuronal synaptic plasticity in the hippocampus. MAP1B is expressed in neurons, oligodendrocytes, astrocytes, and their progenitor cells and is highly expressed during early neural development and in neurons actively undergoing axonal elongation. MAP1B regulates the polymerization of microtubule and actin microfilaments, and also acts as a signaling protein (Villarroel-Campos and GonzalezBillault 2014). MAP1B controls neurite branching and microtubule assembly through interaction with Glycogen synthase kinase-3 (GSK3) (Barnat et al. 2016) , neural outgrowth by interaction with PiT2 (a member of the inorganic phosphate transporter family) (Ma et al. 2017 ) and regulates growth cone development (Kiss et al. 2018) . These processes are regulated by interactions involving P53-Related Protein Kinase, MAP1B, and Rab 35 (VillarroelCampos et al. 2016). MAP1B regulates axonal development (Tymanskyj et al. 2012; Yang et al. 2012 ) and synaptic maturation (Tortosa et al. 2011 ) by modulating Rho GTPaseRac1 activity (Montenegro-Venegas et al. 2010). MAP1B binds to and controls the localization of the calcium binding protein apoptosis-linked gene 2 in the developing neuron (Takahara et al. 2018) . apoptosis-linked gene 2 is a calcium sensor protein which interacts with MAPK1-interacting and spindle-stabilizing (MISS)-like protein to regulate the secretory pathway in the ER-Golgi and intracellular Ca 2+ levels and protein secretion (Takahara et al. 2017) . It is important to control intracellular Ca 2+ levels, excessive intraneural calcium levels can lead to depolymerization of the tubulin and actin cytoskeletons and impact on electroconductive cell signaling. MAP1B deficient neurons display structural presynaptic deficiencies and altered pre-synaptic physiology ). MAP1B interacts with KIRREL3, a synaptic immunoglobulin superfamily protein associated with autism and intellectual disability , mutations in MAP1B cause intellectual disability and degenerative changes in the white matter (Walters et al. 2018) , MAP1B is a novel para-neoplastic biomarker (Gadoth et al. 2017) . Two studies (Burg and Cole 1994) have demonstrated homologies between MAP1B and Claustrin, an extracellular anti-adhesive, ECM barrier forming PG produced by astrocytes which inhibits neural cell adhesion and neurite outgrowth in the chick nervous system (Burg and Cole 1994) .
PG-1000
The electric organ of the electric eel and torpedo ray contain a large CS-KSPG, PG1000. This has roles in charge transfer to stun prey. PG-1000 is a disulfide-linked complex of large CS-KSPGs and smaller ECM proteins. When examined by electron microscopy, PG-1000 has a typical "bottle-brush" appearance 345 nm long containing~20 GAG chains of approximately 110 nm in length . PG-1000 is highly concentrated in the basal and reticular laminae of the basement membranes in the electric organ prominently located surrounding nerve fibers and nerve terminals. Rotary shadowing shows PG-1000 as an aggregate containing 2-6 radially distributed monomers in an extended network attached to the reticular laminae of the electric organ. Fig. 1 (a) Blood vessel and nerve fluorescent immunolocalization in a whole-mount section of the anterior eye of an E7 quail embryo showing Tuj1 staining (red) for trigeminal sensory nerves and Tg (tie1:H2b-GFP) (green) for the ocular blood vessels. Abbreviations: C, cornea; tca, temporal ciliary artery; vr, vascular ring. arrows, vascular plexus; tg, trigeminal ganglion. Image supplied courtesy of Peter Lwigale PhD., Associate Professor of Biochemistry and Cell Biology, BioSciences Department, Rice University, USA. (b) Schematic depiction of a neuron and neuroregulatory ligands associated with Rho GTPase cell signaling. KS is interactive with multiple components which regulate Rho signaling, actin polymerization, intermediate filament formation, and cell migration. KS interacts with the leucine rich repeat and epidermal growth factor-like modules with Slit proteins which provide repulsive guidance cues in neural development and can potentially modulate their interaction with the Robo transmembrane receptors. KS also has interactive properties with members of the Ephrin, integrin, Semaphorin, and growth factor receptors at the cell surface. These interactions can modify signals generated by guanine nucleotide exchange factors (GEFs), GTPase accelerating proteins (GAPs) and GDP dissociation inhibitory proteins (GDIs) to modify the hydrolysis of GTP by Rho GTP hydrolases which interact with Rho-associated protein kinase (Rock) and mammalian homolog of diaphanous (mDia) Rho effector proteins to regulate actin polymerization, formation of intermediate filaments, stress fibers, focal adhesions, and lamellopodia which facilitate cell migration. The microtubule associated keratan sulphate proteoglycans (KSPG) MAP1B also promotes actin and tubulin assembly in the cytoskeleton. 
KS modulates Rho signaling and regulates neuronal development
Conrad and colleagues have shown corneal KS is interactive with a number of neuroregulatory proteins (Conrad et al. 2010) . Corneal KS-I interacts with ECM, kinase, nerve regulatory, and cytoskeletal proteins (Table 1) . Of 8268 proteins examined in microarrays, corneal KS interacted with 217 proteins including 75 kinases, membrane/secreted, cytoskeletal, and nerve functional proteins. In a follow up secondary screen of 85 nerve-related epitopes, KS bound 40 proteins, including Slit-2, two Robbo's, nine Ephrin receptors, eight Ephrins, eight semaphorins, and two nerve growth factor receptors. Surface plasmon resonance studies confirmed these interactions and allowed the calculation of binding constants. KS is also interactive with synaptotagmin-2 like Rho GTPase-activating protein 17 (ARHGAP17) (Lee et al. 2016) and synaptotagmin a membrane protein of synaptic vesicles which co-ordinates neurotransmitter release (Bacaj et al. 2013; Sudhof 2013) . ARHGAP17 is a Rho GTPase-activating protein for Rac1 which also regulates CDC42 activity. This remodels the neuronal cortical cap actin cytoskeleton critical for the maintenance of tight junctions between cells (Richnau and Aspenstrom 2001; Wells et al. 2006) . Synaptotagmin forms a complex with complexin and neuronal soluble N-ethylmaleimide sensitive factor attachment protein receptor which co-ordinates the synchronous release of neurotransmitters from synaptic vesicles (Zhou et al. 2017) . Synaptotagmin-1 acts as a Ca 2+ sensor in the synaptic membrane and interacts with the KSPG SV2 to regulate neurotransmitter release. When neurons become activated by an influx of Ca 2+ this results Can Robo-Slit guidance cues be modulated by interaction with KSPGs Slit proteins have four LRR and nine EGF-like repeat modules which interact with KSPGs modulating the instructive cues provided by the Slit-Robo system (Fig. 1b) and feedback cues which activate the Rho GTPases to influence actin and microtubule dynamics, cytoskeletal reorganization, gene expression, and membrane transport. ARHGAP17 and synaptotagmin are two examples of these KSPG interactive partners which effect Rho GTPase activation and cell signaling (Schivell et al. 1996; Richnau and Aspenstrom 2001; Wells et al. 2006; Zhou et al. 2017) . The Slits (Slit 1, 2, 3) are secreted proteins which act as repulsive axonal guidance cues (Blockus and Chedotal 2014; Lucas and Hardin 2017) . These bind to four transmembrane Robo receptors (Robo1, 2, 3, 4) which modulate the Slit repulsive cues during axonal development (Lopez-Bendito et al. 2007; Russell and Bashaw 2018) . Members of the Slit and Robbo families have interactive properties with KS modulating axonal guidance cues in development. Slit family inhibitory proteins have crucial roles to play in the regulation of axonal outgrowth (Plachez et al. 2008) . In Slit1/Slit2 double knockout mice, the optic interconnections to the brain are disrupted and broadened demonstrating the critical roles Slit1/Slit2 play defining the optic tract boundaries and directional control of axonal growth along the optical tract (Lwigale and Bronner-Fraser 2007; Kwiatkowski et al. 2013) . In the visual system, Robo2 plays a dominant role in retinal ganglion cell targeting critical to the formation of synaptic interconnections (Plachez et al. 2008; Hocking et al. 2010) . This process requires interactions between extracellular and transmembrane ligands, cell surface receptors, and rearrangement of the local cytoskeleton and plasma membrane of growth cones (Russell and Bashaw 2018 ). Slit2 also stimulates angiogenesis which is regulated by ephrin-A1 during neuronal migration (Fujiwara et al. 2006; Dunaway et al. 2011; Yadav and Narayan 2014) .
Specific roles for KS in the guidance of the Commissural neurons
The roof plate is a putative axon barrier, located along the dorsal midline of the developing spinal cord which guides the commissural and dorsal column axons. KS is a unique ECM component of the roof plate which provides directional cues to axons growing close to, but not crossing, the dorsal midline (Snow et al. 1990) . KS inhibits commissural axonal elongation through the roof plate in the embryonic spinal cord and provides crucial directional cues in commissural axonal development. The commissural neural fibers contain axons which provide crucial interconnections between corresponding cortical areas in the two brain hemispheres. Effective communication between the two hemispheres is important in the co-ordination of motor responses, which control gait, balance, and the control of posture. These traits become diminished with ageing due to impairments in the associated white matter in the regions of the brain, which service these neurons (Voineskos et al. 2012) . The guidance cues for commissural neuronal development are particularly complex given that these axons often track across the axes of other major neural fiber groups for considerable distances and these have their own specific axial directional guidance cues (Kassai et al. 2008; Moore et al. 2008; Martinez and Tran 2015) . Robo's 1-3 have critical roles to play directing the spinal commissural axons as they cross the midline of the main spinal axis (Jaworski et al. 2010) . The Robo 3 receptor is intimately associated with the development and function of the commissural axons potentiating mid-line attractive forces through interaction with Slit proteins which guide the commissural neurons across the developing spinal cord (Friocourt and Chedotal 2017) , a process which is also aided by the semaphorins and in particular semaphorin 3B (Pignata et al. 2016 ) and 6B (Andermatt et al. 2014) . Morphogenetic factors and a myriad of transcription factors including Wnt and a network of Wnt receptors (Aviles and Stoeckli 2016; Horigane et al. 2016 ) also participate in the guidance of the commissural axons. Gradients of Shh and Netrin-1 and its receptor, deleted in colorectal cancer (DCC) also form collaborative guidance cues which synergise with Src family kinase activity to guide the commissural growth cones (Moore et al. 2008; Sloan et al. 2015) . Axonal guidance cues also include important contributions from cell adhesion molecules (Masuda 2017) , integrins, PGs (Lindwall et al. 2007 ) and structural matrix proteins and KSPGs in the extracellular environment and intracellular contributions through remodeling of the cytoskeleton and recruitment of Cdc42, Rac1, Pak1, and N-WASP (Shekarabi et al. 2005; Kassai et al. 2008 ) and cytoskeletal accessory proteins (Formin-2, zip code binding protein, Brat-Apc2, TUBB3, Slit-Robo GTPase-activating protein 3) (Lepelletier et al. 2017b; Arbeille and Bashaw 2018) to remodel the cytoskeleton and modify cell shape and directional growth.
Neuronal guidance cues provided by KSPGs and their GAG side chains
KSPGs can provide directive cues to axonal development at three functional levels.
1 Intracellular effects exerted by MAP1B on cytoskeletal assembly affecting cell shape and directional growth, regulation of neurotransmitter storage in synaptic vesicles provided by SV2 and their transport and delivery during neural activation. 2 Extracellular guidance cues from Phosphacan, Aggrecan in PNNs, anti-adhesive cues from Claustrin, and cues from Abakan defining the functional margins of brain areas. 3 Specific interactions of KS which modulate the activities of neuroregulatory proteins of the Robo, Slit, EphrinEphrin receptor, Semaphorin, and growth factor receptor families.
Attempts are being made to understand the diverse contributions of the GAG side chains of extracellular PGs in neural patterning and synaptogenesis (Smith et al. 2015; Saied-Santiago and Bulow 2018) . GAGs are widely expressed ECM components, and their loss can lead to catastrophic neuronal defects in neuronal directional guidance and development. Microglial KS has roles in the pathogenesis of ALS and in the activation and proliferation of microglial cells (Foyez et al. 2015) . KS binds to Shh and regulates the differential switch from motor neuron to oligodendrocyte during spinal cord development (Hashimoto et al. 2016) . Phosphacan containing high-charge density 5D4 positive KS chains regulates critical period plasticity in the mouse visual cortex and is necessary for long-term potentiation of non-deprived visualization following monocular deprivation (Takeda-Uchimura et al. 2015). KS has well-known inhibitory properties on neural re-growth (Kadomatsu and Sakamoto 2014) and directs the development of the trigeminal nerve during corneal development (Schwend et al. 2012a) . A plasmon resonance binding and proteomics study showed that highly charged corneal KS had interactive properties with a large number of nerve regulatory proteins thus has the potential to modify responses normally mediated by these proteins in neural guidance. Compared to CS and HA, KS interacted with a significantly larger number of members of the Robo, Slit, Ephrin, Ephrin receptor and Semaphorin families and two nerve growth factor receptors thus had the ability to modulate nerve re-growth, development and neural repair (Conrad et al. 2010) .
Roles for KS in Rho GTPase signaling and neuronal regulation
The Rho family of GTPase signaling G proteins is a subfamily of the Ras superfamily (Bishop and Hall 2000; Ridley 2001b; Jaffe and Hall 2005) , ≥ 20 Rho protein family members have been identified in mammalian cells (Wennerberg and Der 2004) including the canonical proteins RhoA, Rac1, and Cdc42. These have been extensively reviewed (Jaffe and Hall 2005; Linseman and Loucks 2008; Hall and Lalli 2010; Chen et al. 2012; Wright et al. 2013; Zeidan-Chulia et al. 2013; Ito et al. 2014; Stankiewicz and Linseman 2014; Duman et al. 2015; Tejada-Simon 2015; Wu and Xu 2016; Ba and Nadif Kasri 2017; Huang et al. 2017; Gao et al. 2018; Zeug et al. 2018) . Rho proteins act as molecular switches cycling between active (GTP-bound) and inactive (GDP-bound) forms (Cherfils and Zeghouf 2013; Marei and Malliri 2017) . Three classes of regulatory proteins modulate the activation of Rho, (i) guanine nucleotide exchange factors (GEFs), (ii) GTPase-activating proteins (GAPs), and (iii) guaninenucleotide-dissociation inhibitors (GDIs), which facilitate translocation of Rho GTPase from membranes to the cytosol (Buchsbaum 2007; Kutys and Yamada 2015; Amin et al. 2016) . Identification of over 60 Rho GEFs reveals the complexity of the regulatory mechanisms undertaken by these proteins. The intricacies of the GEFs has been reviewed (Rossman et al. 2005) . Effective Rho signaling ultimately drives actin polymerization and intermediate filament formation which provides the shape to cells and guides their movement on substrata and to their migratory properties. Rho GTPases act in conjunction with the effector proteins Dmia and Rock (Rho associated kinase) and other Rho family members such as Rac1 and Cdc 42 to promote actin polymerization resulting in the formation of stress fibers, lamellopodia, membrane ruffles and filopodia to effect cell migration, tissue development, and repair (Fig. 1b) . These processes require cross-talk and coordinated interactions between the cytoskeleton and the Rho GTPases (Ridley and Hall 1992; Ridley 2001a,b) . The secreted SLIT glycoproteins and their Roundabout (ROBO) transmembrane receptors are important axonal guidance molecules which provide repulsive cues that prevent inappropriate axonal migration during the development of the PNS/CNS (Bashaw et al. 2000; Nguyen-Ba-Charvet and Chedotal 2002; Schwend et al. 2012a,b) . An extensive literature demonstrates the conserved roles conveyed by the Slit-Robo system in the guidance of axons during the development of the nervous system (Andrews et al. 2007 Blockus and Chedotal 2016; Lucas and Hardin 2017; Dominici et al. 2018) . Robo 1-2 receptors bind identical regions of Slit 1-3 proteins with similar affinity. Slit binds to Robo receptors on the surface of growth cones, through interactions between the second LRR of Slit and the first two Ig-like domains of Robo (Howitt et al. 2004; Liu et al. 2004 ). This activates Rho GTPase which acts as a molecular switch. Integrin, Ephrins, Ephrin receptors, semaphorin-plexin interactions through GEFs, GAPs and GDIs contribute to Rho GTPase activation and Rock/mDia mediated regulation of microtubule and intermediate filament formation. Actin polymerization leads to stress fiber formation, focal adhesions, lamellopodia, and cortical actin stabilization which all affect cell shape and migration. ECM KSPG interactions with LRR and EGF repeats of SlitsRobo's modulate Rho GTPase formation and actin cytoskeleton dynamics.
Roles for KSPGs in Actin cytoskeletal dynamics and effects on neuronal development and functional regulation by Rho GTPases
Maturing neurons produce cellular protrusions (fillopedia, lamellopodia), cellular attachment and migration during neuritogenesis and synapse formation to participate in memory, cognitive processes and higher brain functions (Kriegstein and Alvarez-Buylla 2009) . Neural development and maturation requires a dynamic balance between actin polymerization and depolymerization (Rouiller et al. 2008; Chou and Wang 2016; Swaney and Li 2016) . Branching of actin from an existing filament through the Arp2/3 nucleator complex controls the directionality of polymerization (Rouiller et al. 2008) . The Arp2/3 complex is an evolutionarily conserved assembly of seven polypeptide subunits (Swaney and Li 2016) which assemble actin branch points (Rouiller et al. 2008) under the direction of Rho GTPases such as Cdc 42 (Swaney and Li 2016) . Biosynthesis of Arp sub-unit proteins is tightly regulated ensuring tight control of actin structural dynamics. Misregulation of the synthesis of one or more of the Arp subunits has been noted in Down's syndrome and Schizophrenia (Weitzdoerfer et al. 2002; Phillips and Pozzo-Miller 2015; Tan 2015; Yan et al. 2016) .
Regulatory properties of KSPGs on Cell Adhesion Molecules in Nerve Regeneration
Inhibitory cues delivered by KS-and CSPGs Up-regulation of CSPGs following spinal cord injury to stabilize the scar also provides potent repulsive cues preventing spinal cord repair. Receptor protein tyrosine phosphatase sigma (PTPr) is a functional receptor for these CSPGs (Fig. 1a) . Strategies directed at silencing PTPr using RNAi at the lesion site promote axon regeneration and synapse formation, down-regulation of PTPr improves functional spinal cord recovery (Lang et al. 2015) . PTPr, phosphatase LAR, contactin-1, and the Nogo receptors 1 and 3 (NgR) all act as CSPG receptors (Mikami et al. 2009; Dickendesher et al. 2012; Ohtake and Li 2015a,b) . KSPGs such as phosphacan also interact with these receptors which may modulate their interactive properties ( Fig. 1d and g ). PTPr converts growth cones into a dystrophic state by tightly stabilizing them within CSPG-rich matrices (Ohtake et al. 2016) . In the adult CNS, the tips of axons severed by injury are transformed into dystrophic structures where cell migration ceases due to a rising concentration gradient of inhibitory ECM PGs. Activation of protein kinase A and phosphorylation of its downstream adhesion component paxillin can reactivate the nerve locomotory machinery and facilitate axonal re-growth after injury. Pharmacological activation of protein kinase A also promotes axonal growth on aggrecan gradients and demonstrate the importance of adhesion dynamics in axonal repair, KSPGs have a wide interactive capability and may positively influence such adhesive processes (Conrad et al. 2010) .
PTPr can also mediate neural regeneration through interaction with appropriate ligands. HSPG binding to PTPr promotes, while CSPGs inhibit axonal guidance and synapse formation. This interaction represents a molecular switch which regulates neural development and regeneration (Coles et al. 2011) . The interaction of PTPr with HSPGs results in their clustering and this turns off PTPr's phosphatase activity whereas CSPGs maintain RPTPr in a monomeric active state (Chien and Ryu 2013) . It is not known how KSPGs effect PTPr neuronal signaling; however, phosphacan, a KSPG, can promote neural outgrowth through interaction with PTPr. Contactin-1, Nogo-1, and Nogo-3 also act as CS and KS receptors (Hayes et al. 2018) (Fig. 1c-i) . The charge density of GAG side chains, interactions with pleiotropin and midkine and with neuroregulatory effector molecules can all positively effect Rho GTPase cell signaling and the promotion of neural repair.
CSPGs are also involved in experience-dependent plasticity, such as ocular dominance plasticity (Pizzorusso et al. 2002; Gogolla et al. 2009; Baroncelli et al. 2010) . The binocular region in the visual cortex receives dominant input signals from the contralateral eye; however, if this eye is closed for few days (monocular deprivation), the ipsi-lateral eye becomes dominant and the input from the contralateral eye decreases. The outcomes of such studies are termed longterm potentiation and long-term depression, respectively, a phenomenon called ocular dominance plasticity. This is a function of the cognitive adaptability of neurons in the visual cortex; however, this form of neuronal plasticity is only observed in a critical period during infancy. KS-phosphacan with a specific sulfation pattern can also generate long-term potentiation and hence potentiate non-deprived-eye responses after monocular deprivation . CSPGs inhibit neural repair by creating an environment that results in growth cone collapse. Astrocytes utilize ECM glycoproteins and PGs as molecular tools to regulate nerve development and regenerative processes. DSD-1-PG/phosphacan can display inhibitory or stimulatory effects on nerve regeneration depending on whether its mode of application is through homophilic and heterophilic interactions mediated by neuronal receptors of the Ig-CAM superfamily (Fig. 1c-g and j) .
Homophilic and heterophilic interactions between cell surface ligands on neuroprogenitor cells, modulation of cellular differentiation and effects on neural repair processes
The contactin neural cell adhesion molecules are a small subfamily of six members of the Ig superfamily which are expressed exclusively in nervous tissues. Contactin-1 interactions promote neural cell adhesion and migration, neurite outgrowth, axon guidance, and myelination (Shimoda and Watanabe 2009; Colakoglu et al. 2014) . The contactins are attached to the plasma membrane by a GPI anchor and they have no intrinsic cell signaling capability per se but can recruit transmembrane proteins in order to transduce extracellular signals past the plasma membrane to illicit a cell signaling response (Laursen et al. 2009 ). Contactin-1 is a functional Notch ligand through which it participates in neural and oligodendrocyte precursor cell differentiation (Hu et al. 2003; Schweitzer et al. 2007) . Five of the six contactins have interactive properties with homologous PTPR-c and PTPR-f (Bouyain and Watkins 2010; Nikolaienko et al. 2016) . The carbonic anhydrase domains of PTPR-f interact with the Ig tandem repeats of the contactins on the surface of oligodendrocyte precursor cells inhibiting their proliferation but promoting their differentiation into mature myelinating oligodendrocytes, neuronal development and synapse formation (Coles et al. 2011; Tan et al. 2017) . Formation of a complex between soluble phosphacan shed from PTPR-f and contactin-1 at the cell surface also promotes the formation of mature oligodendrocytes (Schweitzer et al. 2007; Shimoda and Watanabe 2009; Lamprianou et al. 2011; Colakoglu et al. 2014) . Contactin-1 acts as a CS receptor and binds the oversulfated CS-E isomer which contains 4, 6-disulfated GalNAc to stimulate nerve regeneration (Mikami et al. 2009; Nakanishi et al. 2012) . KS also contains regions of comparable high-sulfation density as CS-E and may be 6-sulfated on Gal as well as GlcNAc; however, it is not known if KS can exert a similar effect as HS in this context.
Directional cues provided by AGIs
The CNS contains a number of axonal growth inhibitory proteins (AGIs) derived from myelin, such as Nogo protein (GrandPre et al. 2000) , MAG (McKerracher et al. 1994) , and oligodendrocyte myelin glycoprotein (Wang et al. 2002) Glial cell populations also produce AGIs such as CSPGs while astrocytes produce a B lymphocyte stimulatory protein AGI which is a member of the TNF superfamily (Zhang et al. 2009 ). The AGIs bind to NgR1 resulting in growth cone collapse and the inhibition of neurite outgrowth activity.
Regulatory cues provided by LOTUS (Lateral olfactory tract usher substance) and axonal regeneration Lateral olfactory tract usher substance (LOTUS) is an antagonist neuronal protein which inactivates the inhibitory properties of the Nogo receptors which interact with CSPGs to produce an inhibitory effect on neuronal repair (Sato et al. 2011; Kurihara and Takei 2015; Kurihara et al. 2017; Kawakami et al. 2018a,b) . This converts an inhibitory environment to an attractive environment for neural growth favoring axonal elongation (Kurihara et al. 2014; Takahashi et al. 2015; Hirokawa et al. 2017; Hirokawa and Takei 2018) . LOTUS is abundantly expressed in many regions of the CNS and promotes functional recovery of spinal cord injury (Hirokawa et al. 2017) . Cartilage acidic protein 1B (CRTAC1-B, LOTUS) is an alternatively spliced form of cartilage acidic protein-1 (CRTAC1) which is expressed exclusively in the CNS. CRTAC1 is a chondrocyte ECM protein member of a large family of evolutionary and phylogenetically conserved beta-propellor proteins (Redruello et al. 2010; Anjos et al. 2017) . CRATC1 is a chondrocyte marker protein which has been used to differentiate cells with a chondroprogenitor and osteoprogenitor background (Grgurevic et al. 2007; Steck et al. 2007) . Mouse LOTUS is an 87 KDa 646 amino acid protein containing four FG (phenylalanyl-glycyl)-GAP (glycylalanyl-prolyl) (FG-GAP) repeat amino acid sequences, which are also found in the N-terminal region of a-integrin and an epidermal growth factor (EGF)-like calcium-binding domain (EGF-CA) in the C-terminal region (Sato et al. 2011) . LOTUS is a membrane protein lacking an intracellular domain, and apparently interacts with specific proteins expressed on the cell surface.
Retinofugal axonal extension provides regulatory clues over axonal directional control KSPGs in the developing CNS have well-known roles as inhibitory axonal guidance cues preventing axonal extension. KS is localized to retinal axons throughout the retinofugal pathway in the primary visual cortex during the entire axonal growth period (Inatani and Tanihara 2002) . The retinofugal pathway connects the retina to the primary visual cortex. The growth of retinal axons which traverse a complex terrain of inhibitory ECM CS and KSPG cues in the retinofugal pathway indicates that the inhibitory cues these normally provide do not inhibit retinofugal axonal growth. A better understanding of the molecular mechanisms which provide PG inhibitory functions may provide a basis for the development of novel therapies to overcome scar-mediated inhibitory cues (Ohtake and Li 2015a,b) . Earlier studies have shown that KS-and CSPGs exert their inhibitory effects through cell surface interactions with PTP-r and LAR CSPG receptors (Fisher et al. 2011; Xu et al. 2015) . NgR1 and NgR3 also act as CSPG receptors (Dickendesher et al. 2012) .
Contrary to the widespreadly reported inhibitory cues provided by KS-and CSPGs in axonal regeneration, retinal axons still grow in the presence of these PGs thus additional factors must be operative in retinofugal axons which circumvent these inhibitory cues (McAdams and McLoon 1995; Inatani and Tanihara 2002) . Integrins link ECM molecules and the cytoskeleton to form a dynamic responsive interactive network which facilitates cellular adhesion and migration during development and tissue repair. Overexpression of kindlin-1, a cytoskeletal phosphoprotein which attaches the cytoskeleton to the plasma membrane activates integrin signaling and the growth of neurons on aggrecan substrata in vitro and regeneration of damaged axons in vivo (Tan et al. 2012) . Integrin-integrin receptor interactions contribute to spontaneous axonal regeneration in the retinofugal pathway overcoming the inhibitory cues normally provided by CS and KSPGs. In the PNS, integrin-ligand interactions can both inhibit or enhance cell signaling and matrix assembly and are regulated by the binding of CS and KSPGs to PTP-r, NgR1 and NgR3 (Rauvala et al. 2017; Nieuwenhuis et al. 2018) . Conformational changes induced by the binding of kindlin and talin to the intracellular tail of beta integrins modulate downstream signaling pathways which promote axonal extension (Tan et al. 2012 . The inhibition of axonal extension by KS and CSPGs can also be reversed by the binding of pleiotrophin (PTN), midkine (MK) or HSPGs to PTP-r or NgR1 or NgR3 this sterically blocks PG binding and counters the inhibitory effect these impose on neural outgrowth in models of cerebral neural injury (Rauvala et al. 2017) . PTN is a phosphacan ligand and its binding is influenced by the sulfation pattern of the GAG side chains of phosphacan (Maeda et al. 2003) . Signaling of pleiotrophin through RPTP-f is involved in the activation of oligodendrocyte progenitor cells (Kuboyama et al. 2016 ) and oligodendrocyte differentiation (Asai et al. 2009 ) and regulates the morphogenesis of Purkinje cell dendrites in the developing cerebellum and hippocampus (Asai et al. 2009 ). Contactin-1 binds CS-E and this promotes axonal outgrowth (Mikami et al. 2009; Nakanishi et al. 2012) . DSD-1 PG is the mouse equivalent of phosphacan, its highly sulfated side chains promote axonal extension and the repair of myelinated axons (Garwood et al. 1999 (Garwood et al. , 2001 Faissner et al. 2006) . CNS injuries induce a variety of factors which promote or inhibit neuronal axonal regeneration with inhibitory effects predominating, CSPGs produced by activated glial cells are strong inhibitors of axonal repair. The growth factor MK, binds to CSPGs, following neuronal injury and is induced by spinal cord injury, but mainly produced by activated astrocytes; however, neurons also produce MK in long-term cultures. MK enhances neurite outgrowth in vitro overcoming the inhibitory cues normally provided by a CSPG substratum (Muramoto et al. 2013) . However on the basis of astrocyte and microglia morphology, cell proliferation and NO production, neither of these cell types appear activated thus this effect is apparently mediated entirely by neuronal cell populations. Furthermore, intrathecal administration of MK using an osmotic pump into a spinal cord defect model produced a significant functional recovery in rats over a 5-week period thus MK also displayed considerable promise in neural repair in vivo (Muramoto et al. 2013) .
Conclusions
A historical absence of information on the interactive properties of KS has been partly answered by microarray and plasmon resonance studies demonstrating the interactive properties of KS with neuroregulatory proteins, growth factors and cytokines. The functional basis of KS sulfation is well illustrated by studies on the male zebra song finch and establishes a direct link between brain development, cognitive learning and highly sulfated KS. Studies have also demonstrated that phosphacan acts as a developmental molecular switch during neuronal development. These functional aspects of KS also require the concerted action of GlcNAc6ST1 to focally synthesize highly sulfated KS species. Studies on the development of commissural and retinofugal axons demonstrate that mechanisms exist which counteract the inhibitory cues normally provided by CS and KS. These include specific growth factors such as PTN or MK which block the binding (and thus inhibitory activity) of CS and KSPGs to PG receptors, positive influence of HSPGs, contributions from integrin cell signaling and specific inhibitory proteins such as LOTUS. These hold promise as therapeutic interventions to improve neuronal repair following traumatic injury to the PNS/CNS. Much still needs to be learnt of the pathobiology of KSPGs in neural tissues however recent studies point to their functional importance in neurobiology hopefully further studies on this fascinating group of PGs will help to unravel more fully their roles in the PNS/CNS.
